Metal-N-decorated carbon catalysts are cheap and effective alternatives for replacing the high-priced Ptbased ones in activating the reduction of oxygen for metal-air or fuel cells. The preparation of such heterogeneous catalysts often requires complex synthesis processes, including harsh acid treatment, secondary pyrolysis processes, etching, etc., to make the heteroatoms evenly dispersed in the carbon substrates to obtain enhanced activities. Through combined experimental characterizations, we found that by precise control of the precursors added, a Fe/N uniformly distributed, agglomeration-free Fe/N decorated Super-P carbon material (FNDSP) can be easily obtained by a one-pot synthesis process with distinctly higher pyridinic-N content and elevated catalytic activity. An insight into this phenomenon was carefully demonstrated and also verified in Li-O 2 batteries, which delivered a high discharging platform of 2.85 V and can be fully discharged with a capacity of 5811.5 mA h g carbon+catalyst À1 at the cut-off voltage of 2.5 V by the low-cost Super-P modified catalyst.
Introduction
At present, increasing the energy density of batteries is an important measure to resolve people's anxiety about the electric mileage range of new energy vehicles, and it has become a research hotspot and a pressing problem world-wide. Secondary Li-O 2 chemistries have been extensively investigated as potential alternatives to conventional Li ion batteries owing to their ultrahigh energy density (the practical value can reach 1700 W h kg À1 ). 1-3 However, Li-O 2 batteries oen exhibit a giant overpotential because of the sluggish cathode reaction kinetics on catalyzing the formation and decomposition of the approximately insulating discharging product Li 2 O 2 , especially by using pure carbon materials. [4] [5] [6] In addition, the large overpotential is harmful in that it can trigger a series of problems, such as electrolyte decomposition and carbon cathode corrosion, forming accumulated recalcitrant by-products in the pores of the cathode and resulting in a poor cycling performance of the battery. [7] [8] [9] [10] [11] [12] Designing more electro-chemical catalytically active cathode materials is therefore regarded as a pivotal limiting factor for Li-O 2 batteries in catalyzing the oxygen reduction reaction (ORR)/oxygen evolution reaction (OER) process with a much lower overpotential and better cycling performance. 5, 6, 8, 13, 14 Heteroatom decorated carbon catalysts have been demonstrated to be promising towards the ORR process because noncarbon atom introduction can activate the binding affinity with oxygen species by tuning the electronic structure and creating more defect sites for the carbon matrix. [15] [16] [17] Among these, carbon substrates with N-anchored metal catalysts (denoted as Me/N@C) have been explored and utilized in fuel cells for exchanging the expensive Pt@C materials for catalyzing the ORR process with competitive performances. [18] [19] [20] Since the fuel cells and Li-O 2 batteries share many similarities in terms of the ORR process, more and more researchers have also attempted to adapt them to catalyze ORR/OER processes for Li-O 2 batteries. 21 However, the nature of the catalytic activity, 22 especially what function the metal plays in the synthesized material, is as yet controversial and not clear. 23 Higher Me/N active site densities within the carbon matrix can offer more catalytic reaction positions on the surfaces inside the porous air-cathode for Li-O 2 batteries, signicantly reducing the cathode polarization and eliminating the occurrence of side products. Towards this end, we have screened and drawn lessons from several related previous studies, and found two interesting phenomena in different literature reports. One group of correlative reports showed that notable Fe-related crystal-phase particles formed and found that the particles were encapsulated in the carbon substrates when synthesizing Fe/N doped carbon catalysts, 24-28 and the particle diameter usually exceeded approximately 10 nm, thus leaving the Fe species and N species comparatively isolated from each other in space. This may cause a loss of effective active sites, since catalytic reactions usually take place at the surface of the material instead of in the inner part of a large particle. Moreover, some complicated synthetic processes such as secondary high temperature pyrolysis and acid leaching are applied to purify the agglomerated metal particles, making this technique cumbersome for industrial scale production. In contrast, other research groups presented catalysts with Fe/N atomically and uniformly distributed in the carbon matrix, 19, [29] [30] [31] [32] [33] which showed no crystal phase formation based on their X-ray diffraction results. Furthermore, original correlation analyses through detailed experimental characterizations have been rarely discussed based on the two situations above, limiting the understanding of what guidance people should follow to obtain the optimized results. In summary, there is a general lack of a comprehensive study, as well as a comparative analysis, on the nature of the material catalytic activity towards these two phenomena. Furthermore, future Me/N@C catalyst optimization and design heavily relies on a mechanical understanding of the catalysis and also manufacturing engineering improvements. In this regard, there is still much pioneering and basic work based on principle understanding to be persistently fullled. 15 In this work, we applied a very facile method and synthesized a series of FNDSP materials which can be classied based on two typical features corresponding to the Me/N@C catalysts reported in different literature. This paper revealed that Fe-based inorganic crystal particle agglomeration can lead to a decrease in catalytic activity. Fe-based particle agglomeration can be eliminated or obviously suppressed by precisely controlling the proportion of precursors and a much-enhanced catalytic activity of FNDSP materials with Fe/N evenly distributed in the carbon substrates can be obtained. The mechanism of the decrease in catalytic activity caused by agglomeration is analyzed. Through combined analysis, we found that the agglomeration of Fe-based particles will lead to the loss of N elements and particularly a decrease in the pyridinic-N proportion (considered to have the highest ORR catalytic activity among the N-containing functional groups 12 ). The above ndings were also veried in Li-O 2 batteries to reect the material performances in a real battery situation and the catalytic activity variation laws of the as-prepared FNDSP series coordinated well with the electrochemical performances of the batteries.
Experimental section

Synthesizing the FNDSP composite series
The precursor of 1,10-phenanthroline (phen), iron(II) acetate tetra-hydrate (FeAc 2 $4H 2 O), and SP carbon black were all of analytical grade. FeAc 2 $4H 2 O (95%) and phen (97%) were purchased from Shanghai Macklin Biochemical Co., Ltd and were used as-received without any further purication. We applied an easily-realizable one-pot pyrolysis method to synthesize the FNDSP catalysts ( Fig. 1 ). Specically, four groups of slurries are designed in our work. We xed the molar ratio of the Fe precursor (iron(II) acetate) to N precursor (1,10-phenanthroline (phen)) at 1 : 3 to form a stable clathrate (a sanguineous metallic ion complex ([Fe(C 12 H 8 N 2 ) 3 ] 2+ )), and assigned four molar ratios of Fe/N atoms to SP carbon atoms (the molar ratios of SP carbon atoms to phen nitrogen atoms being 10 : 1, 30 : 1, 50 : 1 and 70 : 1) to carry out the investigation. The corresponding solution was stirred homogenously on a magnetic stirring apparatus for 2 h at 60 C, and dried overnight in a drying cabinet at 80 C. Then, the dried powder bulk was harvested and ground in a mortar. A ceramic boat was used to collect the obtained mixture and then sent to a pipe furnace and kept at a temperature of 700 C for 0.5 h under a N 2 atmosphere. Aer cooling to ambient temperature, the synthesized catalysts were sieved through a 400 mesh sieve, and the as-prepared materials (denoted as FNDSP-10, FNDSP-30, FNDSP-50, and FNDSP-70, respectively) were systematically characterized and manufactured as cathodes to run electrochemical performance tests in Li-O 2 batteries. For comparison, an iron-free sample of NDSP powder was prepared using the same procedure described above with the molar ratio of SP carbon atoms to phen nitrogen atoms being 30 : 1, and was labelled as NDSP-30.
Material characterization
X-ray photoelectron spectroscopy (XPS) was used to characterize the iron and nitrogen species of the synthesized FNDSP catalysts by using an X-ray photoelectron spectrometer (Thermo ESCALAB 250Xi) with Al Ka as the radiation source. The degree of carbon defects was investigated by Raman spectra and measured on a Horiba Jobin Yvon (HJY) Lab RAM Raman spectrometer. For structure characterization, X-ray diffraction (XRD) tests were carried out on an X-ray diffractometer (Brucker D8 Advance) with Cu Ka radiation. The composition and morphology of the FNDSP cathode materials were analyzed by using eld emission scanning electron microscopy (FE-SEM, Hitachi S-4800). Transmission electron microscopy (TEM) and elemental mapping investigations were performed with a FEI Tecnai G2 F20 microscope operated at 200 kV. To acquire the cathode aer the cycling process, the cell was dissembled in a glove box (MBraun MB 200B) lled with argon, and the cathode was soaked in pure DME for 3-5 minutes to remove residual salts of the electrolyte. Aer being washed 3 times, the cathode was dried in a vacuum oven and then transferred to an airtight container lled with argon for further characterization.
Li-O 2 cell assembly and electrochemical tests
The O 2 electrodes adopted Ni foam as the current collector instead of Al mesh to avoid possible corrosion reactions with LiTFSI. 34 Then, a mixture of 80 wt% FNDSP, 10 wt% Super P and 10 wt% PVDF was sprayed across the weighed Ni foam (B14 mm) with an airbrush, and dried at 80 C overnight within a vacuum oven. The mass loading of the FNDSP cathode material is around 1 mg cm À2 . A CR2032 coin-type battery with 19 pores (1.2 mm in diameter) in the center of the cathode shell for O 2 passage was used to fabricate the Li-O 2 cell in an Ar atmosphere. Inside, the cell consists of Li foil, and a glass-ber separator (Whatman GF/C), together with an FNDSP-O 2 -electrode, and 1.0 M lithium bis(triuoromethyl) sulfonylimide (LiTFSI) in tetra-ethylene glycol dimethyl ether (TEGDME) was used as the electrolyte. The batteries' cycling stabilities were investigated at a current density of 0.1 mA cm À2 with a cut-off value of 2.4 V for discharge and 4.5 V for charge, together with 500 mA h g carbon+catalyst À1 as the limited specic capacity for each cycle on a LAND CT2001A instrument (Wuhan Blue Electronics Co., Ltd., China) at ambient temperature. The above coin-type batteries were also applied in the cyclic voltammetry (CV) tests using a CHI1140 electrochemical workstation (Shanghai Chenhua instrument Co., Ltd., China). As for the parameter settings, the scanning rate was set at 0.2 mV s À1 and the electrochemical scanning window was set from 2.2 to 4.5 V. Before running the CV test, the cell treatment consists of being transferred out of the glovebox lled with Ar with a sealed container, and then feeding oxygen into the container for 2 minutes. Electrochemical tests of the batteries were performed in 1 atm purity O 2 to avoid side reactions due to H 2 O and CO 2 from the environment.
Linear sweep voltammograms (LSV) were performed to more directly reect the synthesized FNDSP materials' electrochemical activities, and also to help compare the two typical phenomena demonstrated by the TEM results in the following discussion. This experiment was carried out by an electrochemical testing system (Biologic VMP3, France). A glassy carbon electrode (B0.5 cm) was used as the working electrode and was prepared with the following procedure: rstly, ink containing the as-prepared catalyst was made by dispersing 2 mg of the catalyst into 1 mL of ethanol and 0.5 mL of Naon solution (0.15 wt% in ethanol) with ultrasonic processing, and then we injected the ink (30 mL) onto the working electrode (the loading was about 30 mg). The reference electrode was a mercuric oxide electrode (Hg/HgO/OH À , 0.165 V vs. the reversible hydrogen electrode (RHE) @25 C) and a graphite rod was applied as the counter electrode. The experiment used an alkaline environment (0.1 M KOH solution). The test was carried out under O 2 -saturated conditions and the scanning rate was set at 10 mV s À1 with a test window of 0.00-1.23 V (vs. RHE). A commercial Pt/C catalyst (20 wt%, J&M) was also tested for comparison. The above electrochemical performance tests did not involve iR drop correction in order to reect a more real situation.
Computational methods
The rst principles calculations were performed through applying the Vienna ab initio simulation package (VASP) 35, 36 with a plane-wave-kinetic cut-off energy of 400 eV. The ionelectron interactions were described by the projectoraugmented plane wave (PAW) approach, and the exchangecorrelation interactions were approximated by the Perdew-Burke-Ernzerhof (PBE) 37 generalized gradient approximation (GGA). A 4 Â 4 Â 1 Monkhorst-Pack k mesh was applied for a 9 Â 9-unit cell, and increased to 12 Â 12 Â 1 for a 3 Â 3-unit cell. All structures were fully relaxed and the force tolerance was limited to 0.01 eVÅ À1 . The vacuum thickness inserted between two neighboring images in the c direction was set at 20Å to avoid interactions.
Results and discussion
TEM characterizations associated with LSV tests
In order to clarify how the excess Fe/N precursor addition can inuence the material structure and morphology, we rstly characterized the as-synthesized FNDSP samples through transmission electron microscope (TEM) measurements (Fig. 2) . The representative TEM images of the sample powders of a relatively higher Fe/N precursor proportion in Fig. 2a (FNDSP-10) and a lower one in Fig. 2d (FNDSP-30) were taken for comparison. When the Fe/N precursor proportion was higher (FNDSP-10), small particles appeared in the carbon matrix, and elemental mapping results (Fig. 2c ) revealed that the formation of these particles was mainly due to the agglomeration of Fe related species, while the N element still distributed rather uniformly in the carbon matrix. Fig. 2d shows that when the Fe/N precursor proportion was relatively lower (FNDSP-30), however, the particles observed above can hardly be detected in the carbon matrix, and elemental mapping results ( Fig. 2f ) evidenced that the doped heteroatoms dispersed quite evenly in the carbon substrates. Moreover, high-resolution transmission electron microscopy (HRTEM) analysis of FNDSP-10 ( Fig. 2b) further proved that the particles were crystals and had an interplanar spacing of 0.294 nm. Furthermore, this parameter tted well with the (220) plane of Fe 3 O 4 (ICSD, PDF#: 88-0866), revealing the possibility of the existence of Fe 3 O 4 in the sample. In contrast, only a microcrystalline carbon structure can be observed through the sample of FNDSP-30 ( Fig. 2e) .
Furthermore, to more directly evaluate to what extent the differences observed by TEM characterization can affect the ORR catalytic activities of the FNDSP-30 and FNDSP-10 materials, corresponding LSV tests were carried out (see Fig. S1 in the ESI †). To remove the possible effect of N 2 during the ORR tests, pure oxygen was continually pushed into the solution for 0.5 h before all the tests. In terms of the half-wave potential, that of the FNDSP-30 sample was 28 mV more positive than that of FNDSP-10 and 237 mV higher than that of the pristine Super P material, and it was close to that of commercial Pt/C (20 wt%). We noticed that this result is comparable to references where zero-dimensional carbon materials (e.g. Ketjen Black, Black Pearls, etc.) or polymer-derived carbon precursors were used in synthesizing such catalysts. 19, 25, 28, 32, 38 Besides, the electron transfer number (n) varied notably from 4.30 for FNDSP-30, to 3.99 for FNDSP-10, and 3.33 for pure Super P based on the Koutecky-Levich equations (Fig. S1 in the ESI †). To conclude, the FNDSP-30 sample exhibited a much-improved activity compared to FNDSP-10, and further insights into the above phenomenon will be explained in the following discussion.
XRD and Raman characterizations
To further gure out the composition differences of the synthesized FNDSP materials with different precursor proportions, XRD tests were carried out and the patterns are compared in Fig. 3a . The pattern of pure SP powder is also present in Fig. 3a , and two remarkable diffraction peaks can be found at around 25.0 and 43.2 , which can be respectively identied as the (002)/(100) diffraction from the hexagonal graphitic carbon structure. 39 Interestingly, the powder of FNDSP-10 shares the same diffraction peak position at around 25.0 for the (002) diffraction, and it has been found to shi to a lower angle of 22.0 for FNDSP-30, FNDSP-50 and FNDSP-70, indicating an increase of the inter-planar distance for the latter three samples based on the Bragg equation. Besides, the peak shapes of the latter three samples become obviously broader, which indicates a decrease of graphitization degree, and this can be explained as the result of heteroatom doping into the graphitic carbon layers. For comparison, an iron-free sample was prepared using the same procedure described above with a molar ratio of SP carbon atoms to phen nitrogen atoms of 30 : 1, and was labelled as NDSP-30. Signicantly, the (002) diffraction of NDSP-30 exhibited no shi compared with FNDSP-30 ( Fig. 3a) , indicating that the increase of the inter-planar distance was related to the addition of Fe element.
In addition to the differences in the (002) peak, we detected Fe 3 O 4 (ICSD, PDF#: 88-0866) and a-Fe (ICSD, PDF#: 99-0064) as a major phase in the FNDSP-10 powder, which is obviously different from other samples (Fig. 3a) . Combined with the TEM results in Fig. 2 , we can conclude that when too much Fe/N precursor is added into the carbon matrix, it can result in particle agglomeration for Fe related species, which may inhibit the enhancement of the doping level. Note that there were relatively few diffraction peaks of a-Fe phase for FNDSP-10, and it may not be easy to capture its HRTEM lattice image in Fig. 2e . Besides, our Raman tests demonstrated that the FNDSP-30 sample has the maximum defect degree, instead of FNDSP-10, in these synthesized materials and this helped to explain that iron will facilitate the anchoring of N at carbon substrates to form more defective structures or active sites (Fig. 3b) . Fig. 3b gives the Raman spectra of the as-synthesized FNDSP series materials to help clarify the carbon defect structure. Two typical carbon resonance peaks at around 1590 and 1350 cm À1 dominated the spectra, which correspond to the G/D band peaks, respectively. Theoretically, the G band is representative of in-plane sp 2 -hybridized carbon atoms in an ideal graphene layer and the D band denotes defects formed by disordered sp 3hybridized carbon atoms. Consequently, the ratio of integrated intensities I D /I G shows the proportion of defect level to graphitization degree within the carbon substrates, and is found to increase in the order of SP (1.01) < NDSP-30 (1.03) < FNDSP-70 (1.04) < FNDSP-10 (1.05) < FNDSP-50 (1.07) < FNDSP-30 (1.11). Obviously, the doping level is enhanced by providing a higher Fe/N precursor ratio. However, it can also be attenuated when it exceeds an optimal value. In other words, this result has demonstrated that FNDSP-30 has the maximum defect degree, instead of FNDSP-10, in these synthesized materials, and this coordinates well with the XRD results. Meanwhile, the NDSP-30 sample prepared with no addition of Fe-containing precursor has the minimum I D /I G value among all of the FNDSP series materials, and has only a slightly higher value than that of pure SP. The conclusion that iron will facilitate the anchoring of N at the carbon substrate to form more defective structures or active sites can be reached through this comparison.
XPS characterization
The chemical compositions and valence states for the assynthesized FNDSP samples were further identied through XPS measurements. The XPS survey scans for the as-prepared FNDSP series are displayed in Fig. 4a , and it can be seen that all samples exhibited four dominant peaks at 285, 399, 532 and 711 eV, corresponding to the C 1s, N 1s, O 1s and Fe 2p valence electrons, respectively. Meanwhile, they also helped to conrm that Fe/N elements were authentically imported into the carbonbased materials. For comparison, the total atomic concentrations of N element in the FNDSP series samples increased from 1.89% for FNDSP-70 to 2.46% for FNDSP-50, reaching a maximum at 3.12% for FNDSP-30, but then diminished to 2.82% for FNDSP-10 (Table 1) . Interestingly, the total atomic concentrations of Fe element kept rising from 0.12 at% to 0.14 at%, 0.15 at% and 0.27 at% with the increase of Fe/N precursor addition in the carbon substrate (Table 1) . Based on the above analysis, the reason for the decreased N concentration at elevated Fe/N proportion for FNDSP-10 was possibly because of the Fe-related species agglomeration, which decreased its anchoring effect for stabilizing nitrogen during the pyrolysis process. 40 Charge correction was performed based on 284.8 eV of C 1s and the tted XPS N 1s spectra for the FNDSP series are depicted in Fig. 4c . Each of the spectra were deconvoluted into three peaks at around 398.9, 400.0 and 401.5 eV, corresponding to pyridinic, pyrrolic, and graphitic N (Fig. 4b) , respectively. 19 Besides, it should be noted that Fe-N x moieties can be formed by coordinating pyridinic or pyrrolic nitrogen with Fe. 38, 41, 42 According to previous research, pyrrolic N was revealed to have little contribution to the enhancement of the ORR catalytic activity, while pyridinic N was demonstrated to be much more active than graphitic N. 22 Analysis of the percentage content of functional groups containing N may help understand the inuence of precursor proportioning on the catalytic performance and the possible mechanisms. It can be seen from Table 1 and Fig. 4e that as the Fe/N precursor ratio increases, the atomic content of pyridinic N rstly changes from 0.67% for FNDSP-70 to 0.89% for FNDSP-50, moving on to a maximum of 1.35% for FNDSP-30, but then decreased to 0.83% for FNDSP-10, which showed a similar trend to the total N content of the synthesized materials ( Fig. 4f ). Meanwhile, it was noticed that the graphitic N content increased continually with elevated Fe/N precursor ratio. The higher graphitic N but lower pyridinic N content and simultaneously lower catalytic activity of FNDSP-10 than FNDSP-30 may imply that pyridinic N plays a more critical role for better catalytic performances. In addition, the pyrrolic N content exhibited small changes when the proportioning varied. Hence, we could reasonably infer that the decreased total nitrogen content at high Fe/N proportion (FNDSP-10) can be explained as follows. As one can see from the TEM and XRD results shown above, Fe-rich particles came into being for the highest Fe/N precursor ratio sample of FNDSP-10, and the Fe agglomeration lowered its bonding effect on stabilizing nitrogen through Fe-N x moieties, which led to a decrease of the nitrogen occupation, especially the content of pyridinic N. From another aspect, rst-principles calculations (Fig. S2 in the ESI †) showed that the rising total energy values of the system caused by the interaction between dopants will exhibit exponential growth when the concentration of Fe/N moieties increases during the preparation process (the value of "x" in the Fe-N x moieties was taken as "4" just as an example for this calculation and previous articles also supported that the active sites in such catalysts were most likely to be FeN 4 moieties. 23, 31, 43 ), indicating that the doping process will become quite difficult by simply increasing the precursor proportion. To summarize, pyridinic N was proved to be most active for the ORR among the Ncontaining functional groups, and this implies that catalysts possessing an optimal pyridinic N content (FNDSP-30, 1.35 at%) may have the best ORR catalytic performances.
Furthermore, Fig. 4c shows the ne XPS spectra of the Fe 2p electrons. Because of spin-orbital coupling, the Fe 2p peak will split into 2p 1/2 and 2p 3/2 . Actually, these two peaks have a certain ratio in terms of the peak area, which is 1 : 2. Furthermore, two chemical states were obtained through deconvolution, namely Fe 2+ (710.1 and 723.5 eV) and Fe 3+ (714.1 and 726.4 eV), and this suggested the entrapment of iron nitrides (Fe-N x ) and iron oxides in the porous carbon, respectively. 38 Yet, as mentioned above, the total Fe content was very low, only at 0.12 at%-0.27 at%.
Catalytic performance veried in a Li-O 2 battery
We also assembled lithium-oxygen coin cells to verify the actual performance differences of the series of as-synthesized FNDSP catalysts. A comparison of the charge-discharge curves in the rst cycle of the FNDSP series catalysts and pure SP is displayed in Fig. 5a , and the mean voltage of FNDSP-30 for the discharging and charging processes was 2.85 V and 3.63 V, respectively, demonstrating the least polarization value and most outstanding electrochemical catalytic performance of the optimized FNDSP-30 catalyst material among the series. This was further identied by our CV test result (Fig. 6 ). Furthermore, the FNDSP-30 electrode delivered stable cycling for over 50 cycles, longer than FNDSP-50 (39 cycles), FNDSP-10 (35 cycles) and FNDSP-70 (27 cycles) (see Fig. S3 in the ESI † for more details). In terms of the deep discharging test, the cut-off voltage was set as 2.5 V, and we can see that the pure SP electrode only delivered a discharge capacity of 3689.3 mA h g carbon+catalyst À1 (Fig. 5b) . In comparison, the FNDSP-30 electrode exhibited a discharge capacity of 5811.5 mA h g carbon+catalyst À1 , which was 120 mV higher than that of SP for the discharging mean voltage (more details of the comparison can be found in Table S1 in the ESI †). Cyclic voltammogram (CV) measurements were performed to compare the potential catalytic ability of the FNDSP materials for Li-O 2 batteries (Fig. 6 ). The theoretical redox potential for aprotic lithium oxygen batteries is $2.96 V vs. Li/Li + . Because of the slow reaction kinetics (sluggish electron delivery, oxygen adsorption etc.) at the cathode during discharge, CV measurements usually give a much lower potential than 2.96 V in practice. As the reaction kinetics can be enhanced by applying catalytic materials as cathodes, it is advisable to judge the electrochemical catalytic performance by comparing the potential of the reductive peak by CV tests. Before the tests, the Li-O 2 batteries were rested in pure oxygen for $10 h to approach the theoretical potential of 2.96 V vs. Li/Li + . Then, the scanning rstly starts from the initial open-circuit voltage in the negative direction in accordance with the discharge-charge nature of Li-O 2 batteries. The results in Fig. 6 demonstrate that all of the FNDSP series catalysts exhibited better ORR catalytic activity than SP materials. In addition, the FNDSP-30 catalyst material shows the highest potential of the reductive peak, demonstrating its outstanding electro-catalytic performance over the others for the operation of Li-O 2 batteries. Additionally, it was noticed that the curves did not close in Fig. 6 , and the reason for this may be the increase of resistance aer the CV test ( Fig. S4 in the ESI †). When applying the same voltage to the cell, a higher impedance should give a lower current, which inevitably makes it not an ideal loop curve based on the testing method introduced above.
The morphology and structure of the pristine electrodes, discharged electrodes and recharged electrodes were also characterized by XRD and SEM (Fig. 7 , the FNDSP-30 cathode was chosen for representation). The as-fabricated pristine FNDSP-30 electrode exhibited a porous structure (Fig. 7a) , and the FNDSP-30 particles were loosely dispersed. Aer discharge, copious hemoglobin-like discharging products were formed in the pores of the cathode, and they were demonstrated to be Li 2 O 2 by XRD characterization (Fig. 7d ). The discharging product morphology is a typical feature for aprotic lithiumoxygen systems, consistent with previous reports in the literature. 2, 3 Aer the charging process, the hemoglobin-like products disappeared and the electrode returned to the initial porous structure. XRD tests revealed that the peaks of Li 2 O 2 disappeared for the recharged cathode. These results indicated that the generated Li 2 O 2 during discharge was reversibly decomposed during charge, indicating the possibility of the FNDSP-30 electrode being used in reversible lithium air batteries.
Conclusions
In summary, a fundamental understanding of the relationship between Fe/N decorated carbon materials (FNDSP) and the stoichiometry was systematically acquired. The catalyst activity strengthened at elevated active site density tuned by the stoichiometry. However, Fe-related particle agglomeration occurred at the highest designed ratio of Fe/N precursors (FNDSP-10) and resulted in the runaway of the total N content (especially the pyridinic-N content) due to the weakened anchoring effect stabilizing the N on the carbon substrate, thus resulting in subdued activity of the FNDSP-10 catalyst. In contrast, the pyridinic-N enriched and agglomeration-free FNDSP-30 catalyst with optimized catalytic activity was synthesized without acid washing treatment or an energy-consuming secondary pyrolysis process, showing the advantages of being facile and environmentally friendly, and it being easy to scale-up production to an industrial scale. The as-prepared FNDSP catalysts were applied and veried in Li-O 2 batteries and the optimized cathode material sample (FNDSP-30) exhibited distinct advantages of electrochemical performance over the particle agglomeration formed one (FNDSP-10). The ndings in this work reveal that the catalytic performance of FNDSP-10 materials with crystalline particle formation commonly observed in previously reported literature studies can be further ameliorated by precise control of the synthetic routes, which has been ignored mostly and not systematically investigated. This may help to promote the fundamental understanding towards designing Fe/N-doped carbon catalysts with an optimized electro-catalytic activity and will have instructive functions for future improvements and applications of N-doped carbon materials for Li-O 2 batteries with theoretical and practical signicance.
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